Promoter chromatin disassembly is a widely used mechanism to regulate eukaryotic transcriptional induction. Delaying histone H3/H4 removal from the yeast PHO5 promoter also leads to delayed removal of histones H2A/H2B, suggesting a constant equilibrium of assembly and disassembly of H2A/H2B, whereas H3/H4 disassembly is the highly regulated step. Toward understanding how H3/H4 disassembly is regulated, we observe a drastic increase in the levels of histone H3 acetylated on lysine-56 (K56ac) during promoter chromatin disassembly. Indeed, promoter chromatin disassembly is driven by Rtt109 and Asf1-dependent acetylation of H3 K56. Conversely, promoter chromatin reassembly during transcriptional repression is accompanied by decreased levels of histone H3 acetylated on lysine-56, and a mutation that prevents K56 acetylation increases the rate of transcriptional repression. As such, H3 K56 acetylation drives chromatin toward the disassembled state during transcriptional activation, whereas loss of H3 K56 acetylation drives the chromatin toward the assembled state.
Promoter chromatin disassembly is a widely used mechanism to regulate eukaryotic transcriptional induction. Delaying histone H3/H4 removal from the yeast PHO5 promoter also leads to delayed removal of histones H2A/H2B, suggesting a constant equilibrium of assembly and disassembly of H2A/H2B, whereas H3/H4 disassembly is the highly regulated step. Toward understanding how H3/H4 disassembly is regulated, we observe a drastic increase in the levels of histone H3 acetylated on lysine-56 (K56ac) during promoter chromatin disassembly. Indeed, promoter chromatin disassembly is driven by Rtt109 and Asf1-dependent acetylation of H3 K56. Conversely, promoter chromatin reassembly during transcriptional repression is accompanied by decreased levels of histone H3 acetylated on lysine-56, and a mutation that prevents K56 acetylation increases the rate of transcriptional repression. As such, H3 K56 acetylation drives chromatin toward the disassembled state during transcriptional activation, whereas loss of H3 K56 acetylation drives the chromatin toward the assembled state.
Asf1 ͉ K56 acetylation ͉ transcription T he packaging of DNA together with histone proteins into chromatin is essential for regulating all of the activities of the eukaryotic genome, including repair, replication, and gene expression. The chromatin structure dynamically changes to facilitate these processes and regulate access to the DNA sequence. For example, nucleosomes are disassembled from many eukaryotic promoters during transcriptional activation to provide access to the general transcription machinery (1) . The histone H3/H4 chaperone known as Asf1 contributes to the disassembly of histones H3/H4 from multiple budding yeast promoters during transcriptional activation (2) (3) (4) .
Histone posttranslational modifications may also play an important role in regulating chromatin disassembly. Many of the best studied sites of histone posttranslational modifications map to the N-terminal tails of the histones that extend out from the globular core of the nucleosome and are unlikely to have a direct influence on the structure of the nucleosome. By contrast, the newly identified acetylation of lysine-56 within the globular core of histone H3 (H3 K56ac) (5, 6 ) is unique because it is predicted to break a DNA:histone interaction, potentially destabilizing the nucleosome. H3 K56 acetylation occurs predominantly on newly synthesized histones that are assembled into chromatin after DNA replication (6) and are rapidly deacetylated after S phase (7, 8) . Functionally, K56 acetylation promotes survival after the exposure of cells to genotoxic agents because of its role in stabilizing the replisome (6, 9) . The histone acetyltransferase (HAT) responsible for acetylation of K56 on newly synthesized histones is Rtt109 (10) (11) (12) and needs either of two histone chaperones, Asf1 or Vps75, for enzymatic activity (13) .
Given the requirement for the histone chaperone Asf1 for H3 K56 acetylation and its role in chromatin disassembly from promoters during transcriptional activation, we investigated whether there was any role for H3 K56 acetylation in chromatin disassembly. We find that disassembly of H3/H4, not the disassembly of H2A/H2B, is the highly regulated step during transcriptional induction. Furthermore, K56 acetylation is required for expeditious promoter chromatin disassembly and transcriptional activation of the PHO5 gene. Conversely, loss of acetylated H3 K56 promotes promoter chromatin reassembly during transcriptional repression. These studies suggest that there is an equilibrium of H3/H4 disassembly and reassembly that can be tipped toward the assembled or disassembled state by the level of H3 K56 acetylation to facilitate rapid changes in gene expression.
Results

Delaying H3/H4 Removal from Promoter Regions Results in Delayed
H2A/H2B Removal. Chromatin assembly occurs via two distinct steps, where H3/H4 is assembled first to form the tetrasome, followed by the addition of H2A/H2B to complete the nucleosome in vivo (14) . To investigate whether chromatin disassembly also occurs by a separable two-step process or in a concerted manner in vivo, we compared disassembly of H2B and H3 at the well characterized budding yeast PHO5 promoter. Specifically, we analyzed histone occupancy at nucleosome 2 of the PHO5 promoter (Fig. 1A) during transcriptional activation by using ChIP. Induction of the phosphatase encoded by the PHO5 gene is achieved by depletion of phosphate from the media (Fig. 1B) . We found that H2B removal occurred in a very similar time frame as H3 removal in WT yeast (Fig. 1C) .
Because H3/H4 disassembly and transcriptional induction from the PHO5 promoter is facilitated by the H3/H4 chaperone Asf1 during transcriptional induction (2), we examined whether H2A/H2B disassembly is also affected by the absence of Asf1. The requirement for Asf1 for PHO5 activation depends on the exact concentration of phosphate in the media, which in turn controls the nuclear concentration of the Pho4 activator (15) . Because our earlier studies of PHO5 activation used undefined phosphate-depleted rich media, we empirically determined that a phosphate concentration of 0.15 mM revealed a requirement for Asf1 for the normal kinetics of PHO5 induction [supporting information (SI) Fig. S1 ]. As such, all inductions of PHO5 transcription in this study were achieved via a switch to 0.15 mM phosphate-containing synthetic media. The delayed induction of the PHO5 gene in the asf1⌬ strain (Fig. 1B) is a consequence of the delayed chromatin disassembly from the promoter in this strain (Fig. 1D) . We found that inactivation of Asf1 resulted in not only delayed disassembly of histone H3, but also delayed disassembly of H2B (Fig. 1D ) as compared with WT (Fig. 1C ).
Because Asf1 is not known to be a chaperone for H2A/H2B, these data indicate that there is likely to be a constant equilibrium of H2A/H2B removal and replacement at the promoter during transcriptional induction and that, as long as H3/H4 remain on the promoter, there is no obstacle for the reassembly of H2A/H2B. These data also indicate that removal of H3/H4, not H2A/H2B, is the highly regulated step during the transition from a chromatin-packaged promoter to a nucleosome-depleted promoter during transcriptional induction.
An Inverse Correlation Between Levels of Acetylated H3 K56 and
Histone Occupancy at the PHO5 Promoter. Given the potential role of acetylation of lysine-56 on histone H3 (H3 K56ac) in destabilizing the nucleosome structure, we investigated whether H3 K56ac serves as a switch to regulate H3/H4 disassembly. By ChIP analysis, we observed that the levels of acetylated H3 K56 at the PHO5 promoter did not drastically change during promoter chromatin disassembly (Figs. S2 and S3). However, during this same time course, the levels of H3 drastically drop in WT yeast (Fig. 2B) , such that, when we normalize the levels of K56Ac to the level of histone H3, it is apparent that there is a striking increase in the proportion of histone H3 carrying K56Ac that remains on the promoter during transcriptional induction (Fig.  2C ). As such, there is a clear correlation between chromatin disassembly and levels of acetylated H3 K56. To investigate the influence of Asf1 on the levels of H3 K56ac on the promoter, we examined the effect of deleting ASF1. In striking contrast to the situation in WT yeast, no increase in the proportion of histones carrying K56ac is seen at the PHO5 promoter in asf1⌬ yeast (Fig. 2C ). Furthermore, an Asf1 mutant (Y112A/R145E; Fig. 2D ) that prevents its interaction with H3/H4 dimers and delays PHO5 induction (16) also disrupted chromatin disassembly ( Fig. 2E ) and prevented the increase in levels of K56Ac on the PHO5 promoter (Fig. 2F ). These data indicate that the interaction between Asf1 and the histone dimer, which can occur only either during chromatin disassembly or before chromatin assembly, is essential for the increased proportion of histones carrying the H3 K56Ac mark at the PHO5 promoter during transcriptional activation.
H3 K56ac Acts as a Chromatin Disassembly Cue at the PHO5 Promoter.
The inverse correlation between levels of H3 and H3 K56ac at the PHO5 promoter led us to ask whether K56ac is required for chromatin disassembly. A K56R mutant that mimics permanent deacetylation delayed PHO5 induction to the same extent as deletion of ASF1 (Fig. 3A) , and this was at least partly due to a delay in chromatin disassembly from the PHO5 promoter ( (Fig. 3A) . Furthermore, chromatin disassembly occurred even faster in the K56Q strain than in the WT strain (Fig. 3B ). These data demonstrate that H3 K56ac promotes chromatin disassembly from the PHO5 promoter during transcriptional induction.
Given that mimicking acetylated K56 via the K56Q mutation promoted chromatin disassembly, we asked whether the K56Q mutation could bypass the contribution of Asf1 toward chromatin disassembly from the PHO5 promoter. We found that the K56Qasf1⌬ double mutant activated transcription better and disassembled chromatin better than the asf1⌬ strain, but not quite as well as the K56Q mutant alone ( Fig. 3 A and B) . These results suggest that an important function of Asf1 during promoter chromatin disassembly is to promote the increase of H3 K56Ac levels on the promoter region during transcriptional induction.
We were concerned that substitution of lysine-56 for arginine may not allow the optimal histone-DNA contacts to be formed within the nucleosome and that this may explain why the defect in chromatin disassembly with the K56R mutant was less severe than that of the asf1 mutant. Therefore, we examined yeast lacking the K56 HAT Rtt109 to prevent acetylation of H3 K56 while maintaining the histone-DNA contacts formed by lysine-56 within the nucleosome. We found that the rtt109⌬ strain had greatly delayed activation of PHO5, equivalent to that seen in the asf1⌬ strain (Fig. 3C) . The rate of transcriptional induction Activation (hrs in low phosphate) was no worse in an rtt109⌬asf1⌬ double mutant than either single mutant alone (data not shown). We also observed delayed chromatin disassembly from the PHO5 promoter in the rtt109⌬ strain (Fig. 3D ), which in turn is likely to be a consequence of the failure to increase relative levels of K56ac on the PHO5 promoter in the absence of Rtt109 (Fig. 3E and Fig. S6 ). This result further demonstrates that acetylated K56 is playing an important role in driving chromatin disassembly from promoters during transcriptional induction. Consistent with previous evidence that Rtt109 can acetylate only free histones but not histones on chromatin, (17), we were not able to detect recruitment of Rtt109 to the PHO5 promoter (Fig. 3F) . Furthermore, in contrast to the prediction that acetylation of K56 enables a ubiquitin ligase complex containing Rtt101 to maintain genomic integrity (12), Rtt101 has no role in the K56ac-dependent activation of PHO5 transcription (Fig. S7 ). As such, the observed role of H3 K56 acetylation in chromatin disassembly during transcription may be via a mechanism distinct from its role in the maintenance of genome stability.
The Proportion of Histones Carrying the H3 K56Ac Mark at the PHO5
Promoter Drops During Transcriptional Repression. To investigate whether loss of the H3 K56ac mark plays a role in chromatin reassembly, we investigated the levels of H3 K56ac at the PHO5 promoter during transcriptional repression. As we have previously shown, histones are rapidly reassembled onto the PHO5 promoter in response to phosphate addition, which signals for transcriptional repression (Fig. 4A) (18) . During this same time course of PHO5 activation and repression, the absolute levels of H3 K56Ac do not change (Fig. 4B) . However, upon normalizing for total histone H3 occupancy on the promoter a striking decrease in the proportion of histones carrying the H3 K56ac mark at the PHO5 promoter during transcriptional repression is apparent (Fig. 4C) . To investigate whether the reduction in H3 K56Ac levels inf luences the rate of transcriptional repression, which is a direct consequence of the rate of chromatin reassembly (18), we examined PHO5 repression in the H3 K56R and K56Q mutants. We consistently observed that the K56R mutant that mimics no acetylation represses PHO5 transcription faster than normal (Fig. 4D and Figs. S8 -S11). Collectively, these data indicate that there exists an equilibrium of H3/H4 chromatin assembly and disassembly that is tipped toward the chromatin disassembled state by H3 K56ac and is tipped toward the chromatin assembled state by unacetylated H3 K56 (Fig. 4E) . WT asf1∆ 
Discussion
Although there has been much recent excitement around acetylation of K56 on H3 given the potential role of this modification in breaking a histone-DNA contact in the globular core of the nucleosome (19) , the molecular function of this modification in vivo was unclear. In this work we demonstrate that the ratelimiting step during chromatin disassembly is the removal of H3/H4 from the DNA and that acetylation of K56 drives chromatin disassembly from the PHO5 promoter during transcriptional activation in vivo. Conversely, unacetylated K56 drives chromatin reassembly during transcriptional repression in vivo. As such, the modification state of K56 on histone H3 plays an important role in enabling rapid transcriptional changes.
Thus far, the only studies linking H3 K56ac and transcription have been reports of increased levels of K56ac on active promoters and ORFs (5, 20, 21) . In addition, it has been shown that K56 acetylation promotes the recruitment of the Snf5 subunit of the ATP-dependent chromatin remodeler and the subsequent transcriptional activation of SUC2 and the genes encoding H2A/H2B (5). This role of K56 acetylation for recruitment of Snf5 fits perfectly well with our conclusion that K56 acetylation drives chromatin disassembly, because we recently showed that stable recruitment of SWI/SNF is not achieved until after promoter chromatin disassembly (4) .
There are clear correlations between the proportion of histones carrying K56ac and chromatin assembly/disassembly at the PHO5 promoter in vivo. A high proportion of histone H3 bears K56ac when the promoter is undergoing chromatin disassembly during transcriptional activation (Fig. 2 and Fig. S12 ), whereas a low proportion of H3 bears K56ac when the promoter is undergoing chromatin assembly during transcriptional repression (Fig. 3) . Furthermore, mutants that block K56 acetylation (rtt109⌬, asf1⌬, and K56R) result in delayed chromatin disassembly and delayed transcriptional activation at the PHO5 promoter (Figs. 2 and 3) . We suspect that the more rapid chromatin disassembly during PHO5 induction that is seen with the K56R mutant as compared with either rtt109⌬ or asf1⌬ (Fig.  2B) is a consequence of the weaker interaction that arginine-56 would make with DNA, as compared with lysine-56, within the Fig. 3 . H3 K56ac is required for normal activation of PHO5 and promoter chromatin disassembly. (A) Acid phosphatase levels were measured in strains that are WT, asf1⌬, K56Q, K56Q asf1⌬, K56R, and K56R asf1⌬ versions of MSY421 at the indicated times after transfer to low-phosphate media. (B) Histone H3 levels at the PHO5 promoter, as in Fig. 1 . Samples were taken from the same time course as in A. (C) Phosphatase levels were measured in strains BY4741 (WT), BY4741rtt109⌬ (rtt109⌬), and BY4741asf1⌬ (asf1⌬) at the indicated times after transfer to low-phosphate media. (D) Histone H3 levels at the PHO5 promoter normalized as in Fig. 1 . Samples were taken from the same time course as in C. (E) Histone H3 K56ac levels, normalized to H3 levels, over the PHO5 promoter normalized as in Fig. 1 . Samples were taken from the same time course as in C. (F) Rtt109-TAP levels at the PHO5 UAS and ORF in strain ZGY925 at the indicated times after switch to low-phosphate conditions. ''Sepharose at UAS'' gives an indication of background due to DNA binding to the Sepharose alone. ''HA at UAS'' represents the ChIP with an HA antibody. All data were normalized to the signal obtained at the GAL1 promoter.
nucleosome. Indeed, chromatin carrying an arginine rather than a lysine at residue 56 of H3 has a more accessible chromatin structure in vivo (22) . Further evidence that H3 K56 acetylation drives chromatin disassembly was provided by the fact that the K56Q mimic of permanent acetylation disassembles chromatin even faster than normal (Fig. 2B) . Conversely, the K56R mutant that prevents acetylation repressed transcription even faster than normal (Fig. 4D) , which is presumably a consequence of enhanced chromatin reassembly. These data indicate that there exists a permanent equilibrium of assembly and disassembly of histones H3/H4 at the PHO5 promoter that is influenced by H3 K56 acetylation to achieve rapid transcriptional activation or repression (Fig. 4E) . This is consistent with recent analyses showing a significant level of replication-independent histone H3/H4 exchange throughout the yeast genome (21, (23) (24) (25) , and specifically at the repressed yeast PHO5 promoter (21, 23) .
The increased proportion of histones carrying K56ac on the PHO5 promoter during chromatin disassembly is a consequence of deposition of previously acetylated H3 K56, rather than the acetylation of K56 on the chromatin for the following reasons: (i) the increase in H3 K56 acetylation on the PHO5 promoter requires the interaction between Asf1 and the H3/H4 dimer (Fig.  2) , which cannot occur in the context of an intact nucleosome; (ii) Rtt109 has been shown to acetylate only free histones, not nucleosomal histones (17) ; (iii), Rtt109 is not recruited to the PHO5 promoter during transcriptional activation (Fig. 3) ; and (iv) the interaction of K56 with DNA within the nucleosome structure (19) physically blocks the accessibility of a HAT to this residue. Entirely consistent with this model, there exists a high degree of replication-independent exchange of newly synthesized histones that carry K56ac into many chromatin-packaged promoter regions (21) . The general conclusion from the work of Nourani and coworkers (21) was that K56ac and Asf1 drive chromatin assembly. In contrast to their study, which examined histone exchange, i.e., the replacement of preexisting histones with new histones where it is impossible to differentiate between a defect in chromatin assembly or disassembly (21), our study examines dynamic situations where either chromatin assembly or chromatin disassembly predominates. Our data clearly show that Asf1 and K56ac drive chromatin disassembly.
Upon receiving the stimulus for transcriptional activation, we propose that the equilibrium of chromatin assembly and disassembly is tipped toward the disassembled state because the incorporation of histones acetylated on H3 K56 generates weaker nucleosomes that are more easily disassembled (Fig. 4E) . Consistent with this idea, mononucleosomes bearing the K56Q mutation that mimics permanent acetylation have an 80% increase in nucleosome sliding rate and an 18% increased unfolding rate relative to the unacetylated nucleosome in vitro (26) . Although H3 K56Ac is required to tip this equilibrium to the chromatin disassembled state, it is clearly not sufficient, because the H3 K56Q mutation that mimics permanent acetylation does not cause chromatin disassembly at the repressed PHO5 promoter (Fig. 2) . We predict that during induction the increased local concentration of HATs and ATP-dependent chromatin remodelers cooperates with the looser K56ac nucleosomes to drive promoter chromatin disassembly (Fig. 4E) . As a consequence of the enhanced chromatin disassembly at the promoter, there are more naked DNA gaps for new histones that carry the H3 K56ac mark to be deposited, which in turn are rapidly disassembled because they are less stable in the coactivator-rich environment of the activating promoter (Fig.  4E) . This model accounts for the drastic increase in the proportion of histones carrying H3 K56ac on the PHO5 promoter during transcriptional activation, concomitant with the drastic decrease in bulk histone levels. In our model, during repression the equilibrium of H3/H4 assembly/disassembly is tipped toward reassembly (Fig. 4E) . Even though histones are clearly reassembled onto the promoter during repression, the amount of K56ac on the promoter does not increase (Fig. 4) . This suggests that, during repression, either the newly incorporated histones are rapidly deacetylated or the newly incorporated histones are old histones that were never acetylated on H3 K56. To differentiate between these possibilities, it will be interesting to determine whether the histone chaperone Spt6 that mediates the reassembly of chromatin onto promoters during transcriptional repression (18) has a preference for old or unacetylated histones.
Given the requirement for Asf1 in acetylation of free H3, it is tempting to speculate that the contribution of Asf1 to chromatin disassembly is reflecting its role in acetylating the free histones on K56, whose subsequent incorporation into chromatin drives chromatin disassembly. The other alternative is that Asf1 has a bona fide role in disassembling H3/H4 from chromatin to allow the incorporation of the newly synthesized H3 that is acetylated on K56. The fact that the K56Q mutation that mimics permanent K56 acetylation only partially bypasses the requirement of Asf1 for chromatin disassembly (Fig. 2) does suggest that Asf1 may make additional contributions to chromatin disassembly that are separate from its role in K56 acetylation. In agreement with this idea, the eviction of old unacetylated histone H3 from chromatin is significantly reduced upon deletion of ASF1 (21) .
Given the insight that we have gained into H3 K56ac function during transcriptional regulation, we can extend our predictions to DNA replication. We predict that the purpose of depositing histones carrying K56ac after replication is to allow pliability to the newly forming chromatin structure, enabling optimal positioning of nucleosomes in response to the influence of sequencespecific DNA binding factors, electrostatic repulsion between adjacent nucleosomes, ATP-dependent remodeling factors, and DNA sequence. Once the nucleosomes have attained their optimal positions on the newly formed chromatin strands after DNA replication, the rapid deacetylation of the H3 K56 mark would stabilize the nucleosomes into their favored positions.
Materials and Methods
Yeast Strains and Media. All experiments were performed by growing yeast in synthetic high (13.4 mM) phosphate-containing media, then shifting the log phase cultures to low (0.15 mM) phosphate media to achieve PHO5 induction and addition of phosphate back to 13.4 mM to achieve PHO5 repression. The genotypes of yeast strains used in this study are provided in Table S1 .
ChIP Analysis. Complete details of the ChIP analyses can be found in SI Methods. Amplification of the GAL1 promoter was used as a normalization control. Values shown are averages of three independent experiments; error bars indicate the 95% confidence interval.
